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SYNOPSIS

The aqueous solution properties of a cationic poly (trimethyl acrylamido propyl ammonium
iodide) [poly (TMAAI)] were studied by measurements of reduced viscosity, intrinsic vis-
cosity, and flocculation test. The reduced viscosity and intrinsic viscosity of this cationic
polyelectrolyte were related to the types and concentration of added salt. “Soft” salt anions
were more easily bound on the quaternary ammonium ( R,;N*) of poly (TMAAI) than those
of “hard” salt anions. Halide anions are hard anions; consequently, hard cations were more
easily attracted to halide anions for reducing the binding degree of halide anion on the
quaternary ammonium group (RJN*). Some salt ions were observed to strongly attract
the quaternary ammonium of the cationic polymeric side chain for coagulation of the poly-
mers. This effect would make the polymeric aqueous solution become turbid. The intrinsic
viscosity behavior for cationic polyelectrolyte resulting from the electrostatic repulsive
force of the polymer chain is contrasted with polyampholyte. A comparison of various
flocculants as to the effect of flocculation was also studied. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

The cationic monomers derived from dimethylamino
alkyl acrylates and dimethylamino alkyl acrylamides
have been widely used in the adhesive, coating, tex-
tile, hair conditioner, flocculant, and other related
industries.’® The functional groups on the side chain
of the cationic polymers are usually ammonium
group (primary, secondary, and tertiary amines and
quaternary ammonium), sulfonium, and phosphon-
ium.” These cationic monomers with quaternary
ammonium group are usually the quaternary am-
monium group sites on the polymeric side chain.”’
For example, Salamone et al. reported the synthesis
of vinylimidazolium salts and their polymeric
aqueous properties.®® The synthesis, aqueous solu-
tion properties, and application of cationic poly-
electrolytes derived from acrylate were recently re-
ported by several scholars. %"

The effect of various salt ions on the interaction
of polyelectrolytes in the aqueous solution has
therefore been investigated by several scholars.!8-%2
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The site-binding interaction of salt ions and poly-
mers by Huggins equation and Huggins constant k'
was also investigated by several scholars.’®%? The
counterion size was confirmed by them to have mil-
itated the degree of site binding for salt ion attracting
polymers. Aqueous solution properties of the inter-
nal salt of poly [ N,N’-dimethyl (acrylamido propyl)
ammonium propane sulfonate] [poly(DMAAPS)]
was reported in a previous study.?? The previous ar-
ticle concluded that soft salt anions and cations are
more effective solubilizers than hard anions and
cations. Some salt ions are strongly attracted by the
quaternary ammonium group on the cationic poly-
meric side chain. This phenomenon causes the
polymer to coagulate. This effect would cause the
polymeric aqueous solution to become turbid, as ob-
served in the present article. The difference of
solution properties between cationic polyelectro-
lyte [poly(TMAAI)] and polyampholyte [poly
(DMAAPS)] is also interesting. The aqueous so-
lution properties of poly (TMAAI), especially in in-
trinsic viscosity in the presence of various salts were
discussed. Finally, the cationic polyelectrolyte was
applied in the flocculation test of a bentonite sol
system.
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EXPERIMENTAL

Preparation of Trimethyl Acrylamido Propyl
Ammonium lodide (TMAAI)3?

In a 100-mL volume flask equipped with a stirrer, a
cooler, and a thermometer, N-(3-dimethylamino-
propyl)acrylamide (15.7 g, 0.1 mol) and butanone
(20 g); the contents were stirred at 3°C. A mixture
of iodomethane (14.2 g, 0.1 mol) and butanone (20
g) was added dropwise for 1 h. After completion of
the addition, the mixture was stirred at the same
temperature for 7 h and then allowed to stand at
5°C for 2 days. The yellow solution was removed by
filtration and the precipitated white crystals were
washed with dry butanone several times, and dried
in darkness and under reduced pressure for 24 h.
The desired monomers were recovered and their pu-
rities were checked by melting point and elemental
analyses (mp: 148°C; yield: 96% ).

Elemental analysis (CyH;3N,OI): Caled: C,
36.45%; H, 6.18%; N, 9.40%.

Found: C, 36.24%; H, 6.37%; N, 9.40%.

During the syntheses of TMAAI, the products
became yellow from the irradiation of light and the
existence of impurities in the solution. When the
yellow product was washed with butanone to recover
white crystals, the yield of synthetic monomer was
diminished.

Preparation of Poly(Trimethyl Acrylamido Propyl
Ammonium lodide) [Poly (TMAAI)]3?

The monomer ( TMAAI) aqueous solution (0.8 M,
30 mL) and 4,4'-azobis(4-cyanovaleric acid)
(ACVA) (1 g) were charged into an ampoule (100
mL) that was covered with aluminum foil. The cat-
ionic monomers were polymerized similarly to the
sulfobetaine monomers. The polymer product was
precipitated with a mixture of propanol-2 and di-
ethyl ether (3: 2), and dried for 24 h at 70°C under
vacuum in darkness. Yield, 95%; T, 188.4°C.

Viscometric Measurements

Viscometric measurements were carried out with an
Ubbelohde viscometer (the viscometer has a flow
time of 76.23 s in the deionic water with 18 MQ) at
30.00 = 0.01°C. The polymer samples were dissolved
in the salt concentration for yielding a stock solution
of approximately 0.2 g/25 mL solvent.

Viscosity data were calculated by the Mark-Hug-
gins equation:

n— 7o Nsp

10C —5

= [1] + &' [1]*C (1)

Flocculation Measurement

The extent of flocculation was determined by mea-
surement of the transmittance of the supernatant.
The tests, called Jar Test, were carried out in 1-L
graduated cylinders (the basal area and height of
the cylinders for every flocculation test are the
same). The different concentrations of bentonite
solution (1 L) were added to the cylinder. A stirring
bar was vertically inserted into the cylinder, and the
solution was stirred at a constant speed of about 150
rpm. The various amounts of different flocculants
were added in the cylinder, and the mixture solution
was then next stirred for 10 min. Once the solution
had remained undisturbed for 10 min, the sludge
volume was tested and the transmittance of upper
limpid aqueous solution was measured by JASCO
Model UVIDEC-5 visible spectrophotometer every
10 min. Deionic water was used as a standard so-
lution (100%).

RESULTS AND DISCUSSION

Viscosity Measurement

Polyelectrolytes normally exhibit properties in so-
lution that are quite different from general polymers.
They are ionized in aqueous solution; the mutual
repulsion of their charges causes expansions of the
chain. The size of the polyelectrolyte random coil is
a function of the concentrations of polymer and
added salt, since both influence the degree of ion-
ization. The property of viscosity is strongly affected
by chain expansion. The reduced viscosity may even
increase markedly as polymer concentration de-
creases, with consequent increase in the degree of
ionization of the polymer. On the other hand, the
addition of low-molecular-weight electrolyte (salt)
to the aqueous solution increases the ionic strength
of the solution outside the polymer coil relative to
that inside, and also reduces the thickness of the
layer of “bound” counterions around the chain.
Those effects cause the chain to contract.?* In our
experiments, the poly (TMAAI) side chains would
bear positive charges since the iodine ions became
ionized in an aqueous solution. In this situation, the
behavior of reduced viscosity exhibited a typical plot
in the pure water is shown in Figure 1. This result
shows the reduced viscosity in a higher concentra-
tion region increases with an increase of polymeric
concentration due to the interaction of polymer
chain and the reduced viscosity in a lower concen-
tration region increases with a decreases of poly-
meric concentration. These phenomena were also
observed by Salamone et al.®® and Liaw et al.' for
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Figure 1 Reduced viscosities of poly (TMAAI) in H,0.

various polyelectrolytes. As shown by the plot of
reciprocal reduced viscosity versus square root of
polymeric concentration, the concentration depen-
dence of the reduced viscosity conforms to the Fuoss
equation, ng,/c = A/(1 + BVZ), where A corre-
sponds to intrinsic viscosity [n], B is a constant re-
lated to an interaction of counterions with polyion,
and c is polymeric concentration, in the lower poly-
meric concentration region.

Effect of Various Salts on Intrinsic Viscosity of
Poly(TMAALI) in Aqueous Solution

The addition of salt to the aqueous solution of poly-
electrolyte causes the polymeric chain to contract
and decrease the intrinsic viscosity as mentioned
above. Investigation of the influence of various salts
on this effect and interpretation of charged neu-
tralization and Pearson theory will therefore be pre-
sented in the following section.

influence of Different Cations with a Common
Anion (CI~) on Intrinsic Viscosity of
Poly(TMAALI)

The intrinsic viscosity [ 7] and Huggins constant k&’
can be calculated from Figures 2 and 3 and Eq. (1).

The data shown in Table I and Table II exhibited
an increase of the intrinsic viscosity in the order of
Li* > Na®™ > K™ for LiCl, NaCl, and KCl, and in
the order of Mg?* > Ca?* > Sr?* for MgCl,, CaCl,,
and SrCl,, respectively, for poly (TMAAI) in 0.5 M
aqueous salt solution.

These phenomena are contrasted with polyam-
pholyte behavior.*>3? These results coincide with the
Pearson principle, which states that hard acid spe-
cies prefer binding with a hard base species and soft
acid species prefer binding with a soft base species
(the hard species, both acids and bases, tend to be
smaller and slightly polarizable species; soft acids
and bases tend to be larger and more polarizable
species).®® The hard acid species, e.g., chloride ion
(Cl17), are easily bound to small radius hard bases,
lithium ion (Li*). Hence, the lithium ion (magne-
sium ion) is more easily attracted to chloride ion
than sodium ion and potassium ion (calcium ion
and strontium ion). This result would reduce the
site-binding degree of chloride ion ( C1~) on the qua-
ternary ammonium group ( R4N *) and also decrease
the degree of the chloride ion (Cl ™) neutralizing the
positive charge on polymeric side chains for
poly (TMAAI). This result yields a higher intrinsic
viscosity in an aqueous salt solution.
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Figure 2 Reduced viscosities of poly (TMAAI) as a function of concentration for salts
containing common anion: (A) 0.5M LiCl, (B) 0.5M NaCl, and (C) 0.5M KCL
2.000 A
L3
N
g 1.6247 /
A "4
> .
e c
S 1.500 |-
.E 1.4336 /’—/
g N
o 1.3449
-]
3
1.260 —
1.000 A L L ]
0.00 0.08 0.10 0.15 0.20

Polymer concentration (g/dl)

Figure 3 Reduced viscosities of poly (TMAAI) as a function of concentration for salts
containing common anion: (A) 0.5 M MgCl,, (B) 0.5M CaCl,, and (C) 0.5M SrCl,.
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Table I Effect of Various Monovalent Cations
on the Viscosity Behavior of Poly (TMAAI) at
30°C

Salt Solution

(0.5 M) Slope [n] k'
LiCl 1.73 1.40 0.88
NaCl 1.04 1.35 0.58
KQCl 0.67 1.34 0.37

Influence of Different Anions with a Common
Cation (K* or Na™) on Intrinsic Viscosity of
Poly (TMAAI)

The data shown in Figure 4 and Table III display
an increase of the intrinsic viscosity for monovalent
anions in the order of C1~ > Br~ > I~ for KCl, KBr,
and KI, respectively, for poly (TMAAI) in 0.5M
aqueous salt solution. This is because the larger an-
ion with common positive charge (charge density is
smaller) is easily polarized and bound to quaternary
ammonium group (R,;N™*) on poly(TMAAI). The
positive charge on polymeric side chains could
therefore become effectively neutralized by the larger
anion and reduced the intrinsic viscosity of
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Table II Effect of Various Divalent Cations on
the Viscosity Behavior of Poly (TMAAI) at 30°C

Salt Solution

(0.5 M) Slope [n k'
MgCl, 2.08 1.62 0.79
CaCl, 1.48 1.43 0.72
SrCl, 0.80 1.34 0.44

poly (TMAAI) in 0.5 M aqueous salt solution. This
result corresponds with the Pearson principle.

For the various acidic groups, the data listed in
Figure 5 and Table IV show an increase of the in-
trinsic viscosity for poly (TMAAI) in 0.5 M aqueous
salt solution in the order of ClO; < NOj
< SO4_ < CH;COO ™ for NaClOg,, NaNQO,, Na,SO,,
and CH3;COONa, respectively. This tendency is
similar to the monovalent anions (Fig. 4 and Table
III). The poly (TMAAI) does not dissolve in 0.5 M
Na,ClO, and NaNOQ; aqueous solution. This phe-
nomenon is attributed to the polymeric side chains
of poly (TMAAI) being attracted by salt counterions
(Cl0* and NO?7), and this attraction causes the
polymeric chain not to expand and agglomerate in

S
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Figure 4 Reduced viscosities of poly (TMAAI) as a function of concentration for salts
containing common cation: (A) 0.5M KC], (B) 0.5M KBr, and (C) 0.5M KI.
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Table III Effect of Various Anions on the
Viscosity Behavior of Poly (TMAAI) at 30°C

Table IV Effect of Various Acidic Groups on the
Viscosity Behavior of Poly (TMAAI) at 30°C

Salt Solution

Salt Solution

(0.5 M) Slope 0] K 0.5 M) Slope [n] E
KCl 0.67 1.34 0.37 NaCl0, — — —
KBr 0.64 1.23 0.42 NaNQO; — — —
KI 0.29 0.88 0.38 NaClO, 0.66 1.30 0.39

NaNO, 0.45 1.43 0.22
Na,SO, 1.36 1.49 0.62
Na,CO; 1.67 1.56 0.68
this situation. The sulfate ion (SO%”) has a higher CH;COONa 0.90 1.82 0.27

charge density, which was difficult to be polarized
during sulfate ion nearing the guaternary ammo-
nium group (R,N*). Binding to a quaternary am-
monium group (RN7) is therefore difficult. (The
sulfate ion is regarded as a hard base species in
Pearson principle because of its higher charge den-
sity). The acetate ion (CH3;COO ™) is a weak acidic
group and is easily associated in forming an acetic
acid in aqueous solution. Therefore, the ionic inten-
sity is very small and can not effectively neutralize
the charges of the polycations. The intrinsic viscos-
ity of poly(TMAAI) was, thus, higher than other
anions in the 0.5 M aqueous salt solution. The results
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from the above-mentioned results obtained from dif-
ferent anions and various acids for poly (TMAAI)
are also contrasted with polyampholyte.!>%2

For the various divalent acidic groups, the data
(See Figure 6 and Table V) showed an increase of
the intrinsic viscosity for poly (TMAAI) in 0.5 M
aqueous salt solution in the order of CO3% > SO;2
> S0;? (8,03?) for Na,CO;, Na,SO,, and Na,SO;
(NayS;03), respectively. This tendency is also cor-
responded with Pearson principle.
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Figure 5 Reduced viscosities of poly (TMAALI) as a function of concentration for acidic
ions. (A4) NaClO;, (B) NaNQ,, (C) Na,S0,, and (D) CH;COONa.
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Table V Effect of Various Divalent Acidic
Groups on the Viscosity Behavior of Poly
(TMAAI) at 30°C

Salt Solution

(0.5 M) Slope [n] k'

Na,CO, 1.67 1.56 0.68
Nast4 1.36 1.49 0.62
Na28203 0.97 1.42 0.48
Na,S0, 1.82 1.37 0.97

Effect of Various Salt Concentrations in Aqueous
Solution on the Intrinsic Viscosity of
Poly(TMAAL)

The presumed concept of chain contraction the cat-
ionic polymers for salt ions attracting or site binding
on the polymers was corrected. Therefore, the phe-
nomenon of a decrease of reduced viscosity with an
increase of salt concentration could perhaps be ra-
tionalized. The effect of various NaCl concentrations
between 0.05 and 1 mol/L on reduced viscosity is
illustrated in Figure 7 for the poly (TMAALI). A sig-
nificant decrease in reduced viscosity apparently
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occurred with an increasing of the NaCl concentra-
tion. These phenomena are greatly contrasted with
the inner salt of (polysulfobetaines).3!3?

When the salt concentration is increased, a par-
tial amount of negative charges of salt would become
site-bound on the quaternary ammonium group
(R{N") on the poly(TMAAI). The polymeric
charges would become neutralized by the counter-
ions in the aqueous solution. This occurrence would
reduce the repulsion of polymeric side chains for the
sake of both decreasing the extent of tightly
stretched chains and also coiling the polymeric main
chains. The chloride ions (Cl™) binding on quater-
nary ammonium group (R,N*) of poly (TMAAI)
were increased in high salt concentration to form
regions of high local charge density.

The slope, intrinsic viscosity, and Huggins con-
stant k' shown in Table VI could be calculated
through Figure 7 and Eq. (1). The values for the
Huggins constant k' increase with a decrease of the
intrinsic viscosity as the concentration of the salt
was increased.

These phenomena might be due to the fact that
the addition of salt can loosen the compact structure
that resulted from the inter- and intramolecular

.

| | J

1.200 !
0.00 0.05

0.10 0.16 0.20

Poly(TMAAI) concentration (g/dl)

Figure 6 Reduced viscosities of poly (TMAALI) as a function of concentration for various
divalent acidic groups. (4) 0.5M Na,CO3, (B) 0.5M Na,S0,, (C) 0.5M Na,S0;, and (D)

05M N328203 .
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Table VI Effect of NaCl Concentrations on the

Intrinsic Viscosity and Huggin’s Constant of Poly
(TMAAI) at 30°C

NaCl Concentration Slope [n] k'
0.05 M 2.08 3.00 0.31
0.10 M 217 2.36 0.39
0.30 M 1.17 1.67 0.42
0.50 M 0.92 1.42 0.43
0.70 M 0.82 1.36 0.44
1.00 M 0.80 1.34 0.45

ionic interactions, and, thus, the polymer can behave
more freely in the salt solution.'>* In other words,
the higher the salt concentration is, the lower is the
electrostatic repulsive force and, thus, the lower the
intrinsic viscosity. This result was also observed by
Liaw,!® Conway,*” and Eisenberg and Pouyet.’’ The
intrinsic viscosity [}, obtained by extrapolating the
curves of Figure 7, at constant simple electrolyte
concentration to zero concentration of the polymer,
are plotted in Figure 8 as a function of the reciprocal
square root of the ionic strength (1/ VZ;).

The intrinsic viscosity of polyelectrolyte is often

expressed by the general law.%

[n] = ky + ko(1/Ve,)

For polyacrylamide, as previous observed,*° the
viscosity is practically independent of the ionic
strength. In fact, in our case, no linear relationship
between [%] and C; /% is observed (see Fig. 8). This
peculiar behavior of our samples might be explained
in terms of the bulkiness of the side chain in the
vinylic backbone. These would hinder the free flow-
ing of solvent molecules around the chains. This
occurrence was also observed by Mabire,* Ka-
gawa, '® and Imai,*! for various polyelectrolytes.

Flocculation Measurement

The charged surface of colloids forms the electrical
double layer in aqueous solution because either the
ions have cohered on the surface of colloids or the
charges have ionized from the deficiently crystalline
structure of colloids. The charges of colloidal surface
for general clay produce a negative charge, which
causes the mutual repulsion of the colloids in form-
ing turbid suspension aqueous solution and not to
be flocculated. For conventional flocculational
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Figure 7 Reduced viscosities of poly (TMAAI) as a function of concentration for NaCl:
(A) 0.05M, (B) 0.10M, (C) 0.30M, (D) 0.50M, (E) 0.70M, and (F) 1.00 M.
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Figure 8 Intrinsic viscosities of poly (TMAAI) as a function of reciprocal square root

of ionic strength.

methods, the added trivalent cations can neutralize
the charge of colloids for the sake of both reducing
the mutual repulsion of the charges on colloidal sur-
face and also coagulating colloids. The colloids would
become flocculated whenever polyelectrolyte was
introduced into the suspension aqueous solution.
The flocculation mechanism of polyelectrolyte co-
agulant was previously investigated by Ruehawein
and Ward who explained the phenomenon of floc-
culation by chemical bridging.***?

Effect of Flocculation for Poly(TMAAI) and
Al;(SO,);

Bentonite particles in a suspension aqueous solution
absorb visible light, which consequently reduces the
transmittance of the suspension solution shown in
Figure 9 becomes decreased as the bentonite con-
centration is increased; however, this transmittance
is a nonlinear degression between transmittance of
suspension solution and bentonite concentration.
The influence of different coagulants on the
transmittance and sludge volume of suspension so-
lution with 1000 or 250 ppm bentonite concentration
is shown in Figure 10. From the observed data the
bentonite particles become flocculated when the

flocculant concentration reaches 60 (20) and 40 ppm
(5 ppm) for Al;(SQOy); and poly (TMAAI) in 1000
ppm (250 ppm) bentonite solution, respectively. The
residual bentonite concentration on the upper limpid
aqueous solution is about 25 ppm and less than 5
ppm for Al,(S0O,); and poly (TMAAI) in 1000 ppm
(250 ppm) bentonite solution, respectively. This
event occurs since poly (TMAAI) neutralizes the
charges of colloids, which consequently both reduces
the distance of colloids and also forms large particles
by secondary forces (Van der Waals forces). Ad-
ditionally, the polymeric chains entangle the col-
loidal particles so as to increase the coagulation of
colloids. Poly(TMAALI) is therefore capable (Fig.
11) of more rapidly coagulating the suspension than
Al;(S0O,4); in the initial period with 1000 ppm
bentonite concentration. (The settling of various
coagulants is very rapid in 250 ppm bentonite
concentration. The settling of various coagulants
is therefore similar.) The bulk sludge settled by
poly (TMAAI) coagulant is difficult to condense.
The sludge volume is therefore (Fig. 11) larger than
that settled by Al,(S0,);.

The effect of flocculation for different molecular
weights of poly (TMAAI) coagulant ([n] = 7.5 and
24.3) are indicated from Figures 10 and 11 to be
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= 24.3 in 250 ppm bentonite.
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[#] = 7.5 in 250 ppm bentonite aqueous solution; (A) poly (TMAATI) [#] = 24.3 in 250 ppm

bentonite aqueous solution.

similar. From the observed data the colloids are in-
dicated to be coagulated and settled as the molecular
weight of poly (TMAALI) reaches some degree of po-
lymerization.*

CONCLUSION

The behavior of aqueous solution properties of cat-
ionic polyelectrolyte would be evidently transferred
as salts were added in polymeric aqueous solution.
As the radius of salt ion was large, the degree of
attracting poly (TMAAI) for salt and the degree of
polymeric recoiled were increased and the reduced
viscosity and intrinsic viscosity were decreased. As
the salt concentration was increased, the intrinsic
viscosity was decreased and Huggins constant k' was
increased (Huggins constant k' was affected from
polymer-solvent and polymer—polymer interaction).
The poly (TMAAI) can more effectively and rapidly
coagulate the suspension than Al,(SO,);; however,
the sludge volume with poly (TMAAI) flocculant is

larger than that with Al,(SO,);. The colloids are
availably coagulated and settled as the molecular
weight of poly (TMAALI) reaches something of a de-
gree of polymerization.
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